Sphingolipids and Plant Defense/Disease: The “Death” Connection and Beyond by Robert Berkey et al.
REVIEW ARTICLE
published: 10 April 2012
doi: 10.3389/fpls.2012.00068
Sphingolipids and plant defense/disease: the “death”
connection and beyond
Robert Berkey 1,2, Dipti Bendigeri 1,2 and Shunyuan Xiao1,2*
1 Institute for Bioscience and Biotechnology Research, University of Maryland, Rockville, MD, USA
2 Department of Plant Sciences and Landscape Architecture, University of Maryland, College Park, MD, USA
Edited by:
Xuemin Wang, University of
Missouri-St Louis and Donald
Danforth Plant Science Center, USA
Reviewed by:
Kian Hématy, Institut National de la
Recherche Agronomique, France
Beatrice Satiat-Jeunemaitre, Centre
National de la Recherche Scientiﬁque,
France
Carl Ng, University College Dublin,
Ireland
Marina Gavilanes-Ruiz, Universidad
Nacional Autonoma de Mexico,
Mexico
Dominique Roby, Centre National de
la Recherche Scientiﬁque, France
*Correspondence:
Shunyuan Xiao, Institute for
Bioscience and Biotechnology
Research, University of Maryland,
Rockville, MD 20850, USA.
e-mail: xiao@umd.edu
Sphingolipids comprise a major class of structural materials and lipid signaling molecules
in all eukaryotic cells. Over the past two decades, there has been a phenomenal growth
in the study of sphingolipids (i.e., sphingobiology) at an average rate of ∼1000 research
articles per year. Sphingolipid studies in plants, though accounting for only a small fraction
(∼6%) of the total number of publications, have also enjoyed proportionally rapid growth
in the past decade. Concomitant with the growth of sphingobiology, there has also been
tremendous progress in our understanding of the molecular mechanisms of plant innate
immunity. In this review, we (i) cross examine and analyze the major ﬁndings that estab-
lish and strengthen the intimate connections between sphingolipid metabolism and plant
programmed cell death (PCD) associated with plant defense or disease; (ii) highlight and
compare key bioactive sphingolipids involved in the regulation of plant PCD and possibly
defense; (iii) discuss the potential role of sphingolipids in polarized membrane/protein traf-
ﬁcking and formation of lipid rafts as subdomains of cell membranes in relation to plant
defense; and (iv) where possible, attempt to identify potential parallels for immunity-related
mechanisms involving sphingolipids across kingdoms.
Keywords: sphingolipid, programmed cell death, hypersensitive response, defense, polarized trafficking, lipid raft,
pathogen,Arabidopsis
INTRODUCTION
Plants are sessile and lack a somatically adaptive immune sys-
tem. Yet, plants have evolved a complex innate immune system
that can effectively protect plants against various pathogens. It is
believed that individual plant cells have the capacity for pathogen
detection and onsite defense activation. Conceivably, these com-
plex (sub)cellular processes must rely on an elaborate membrane
system. Indeed, sphingolipids as bioactive molecules have been
extensively involved in plant programmed cell death (PCD) associ-
ated with defense, and more recently as signaling and/or structural
materials implicated in regulation of membrane trafﬁcking and/or
formation of membrane subdomains during defense response.
Here we provide a focused review on this process. In order for
readers to better understand the potential mechanistic connec-
tions between plant defense/disease and sphingolipid metabolism,
we start off with a brief introduction on plant innate immunity
and its connection to plant PCD.Also, for the convenience of read-
ers, we list the most relevant abbreviations used in this review in
Table 1.
It is known that plants have evolved two major evolutionarily
interconnected branches of induced immunity (Chisholm et al.,
2006; Thomma et al., 2011). The ﬁrst is activated upon recognition
of non-self molecules conserved in pathogens called pathogen-
associated molecular patterns (PAMPs) by plasma membrane-
localized transmembrane immune receptors (Chisholm et al.,
2006). PAMP-triggered immunity (PTI) contributes to general
resistance of plants to all potential pathogens. Adapted pathogens
secrete effector proteins into host cells to interfere with PTI
(Chisholm et al., 2006). Plants have thus evolved the second
branch of immune response that is activated upon recognition
of speciﬁc pathogen effectors mostly by intracellular immune
receptors [which are historically referred to as resistance (R)
proteins] belonging to the conserved nucleotide-site binding
and leucine-rich repeat (NB-LRR) family (Jones and Dangl,
2006).
Effector-triggered immunity (ETI) protects plants from host-
adapted biotrophic and hemi-biotrophic pathogens whose colo-
nization on plants requires living host cells (Glazebrook, 2005;
Jones and Dangl, 2006). ETI is often although not always asso-
ciated with hypersensitive response (HR), which is rapid PCD at
the site of infection (Heath, 2000). There are different forms of
plant PCD and their deﬁnitions are still in debate (Reape et al.,
2008; van Doorn et al., 2011). According to a most recent view
by van Doorn (2011), plant PCD can be divided into two major
classes: (i) autolytic PCD and (ii) non-autolytic PCD. Autolytic
PCD occurs mostly during normal plant development and fea-
tures the formation of large lytic vacuoles, activation of vacuolar
processing enzymes (VPEs), and rapid clearance of the cytoplasm,
whereas non-autolytic PCD occurs mainly during pathogen attack
and lacks rapid cytoplasm clearance. According to this classiﬁca-
tion, HR cell death belongs to non-autolytic PCD, even though it
may exhibit disruption of the tonoplast and activation of VPEs as
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Table 1 | A list of abbreviations used in this review.
Abbreviation Full name (explanation)
AAL Alternaria alternata f. sp. lycopersici toxin
ACD5 Accelerated cell death 5
ACD11 Accelerated cell death 11
Cer-1-P Ceramide-1-phosphate
CerS Ceramide synthase
d18:0 Dihydrosphingosine/sphinganine
DRM Detergent-resistant membrane
EDS1 Enhanced disease susceptibility 1
ERH1 Enhancing RPW8 HR-like cell death 1
ETI Effector-triggered immunity
FAH1/2 Fatty acid 2-hydroxylase 1/2
FB1 Fumonisin B1 toxin
GlcCer Glucosylceramide
GIPC Glycosyl inositol-phosphorylceramide
IPC Inositol-phosphorylceramide
IPCS Inositol-phosphorylceramide synthase
LCB1 Gene encoding subunit 1 of SPT
LCB2 Gene encoding subunit 2 of SPT
LCB Long-chain base
LCB-P Long-chain base phosphate
LOH1/2/3 LAG One Homolog 1/2/3
PAD4 Phytoalexin-Deﬁcient 4
PAMP Pathogen-associated molecular pattern
Phyto-S1P Phytosphingosine-1-phosphate
PTI PAMP-triggered immunity
SBH1/2 Sphingoid base hydroxylase 1/2
ShpK Sphingosine kinase
S1P Sphingosine-1-phosphate
SPI-PCD Sphingolipid-perturbation induced PCD
SPT Serine palmitoyltransferase
t18:0 Phytosphingosine/4-hydroxysphinganine
VLCFA Very long-chain fatty acid
VPE Vacuolar processing enzyme
seen in autolytic cell death (van Doorn, 2011). The salicylic acid
(SA)-signaling pathway is required for HR development, because
depletion of SA or impairing SA-signaling by mutations in immu-
nity proteins like EDS1 andPAD4often abolish resistance aswell as
HR (Wiermer et al., 2005). The precise role of HR in ETI remains
unclear; at least the quick suicide of infected cells may physically
constrain invading biotrophic pathogens including viruses, fungi,
and oomycetes (Heath, 2000; Mur et al., 2008; Coll et al., 2011).
However, for necrotrophic fungal pathogens that do not require
living plant cells to establish parasitism, plant cell death including
HR cannot stop their infection; rather, HR could facilitate infec-
tion and spread of disease (Govrin and Levine, 2000; Mayer et al.,
2001; Glazebrook, 2005). Furthermore, one common virulence
mechanism for necrotrophic pathogens is to secrete toxins into
the host and induce host cell death (Friesen et al., 2008; Lawrence
et al., 2008; Sweat et al., 2008; Lorang et al., 2010; Oliver and
Solomon, 2010) and plants that are less potent in activation of HR
show enhanced tolerance to necrotrophic pathogens (El Oirdi and
Bouarab, 2007).
In the past two decades, while signiﬁcant progress has been
made toward our understanding of the molecular mechanisms
concerning PTI and ETI, little is known regarding plant resistance
to necrotrophic pathogens (Oliver and Solomon, 2010). How-
ever, extensive studies have been conducted on how mycotoxins
produced bynecrotrophic fungal pathogens induce plant (and ani-
mal) PCD and disease. The use of such PCD-inducing mycotoxins
as tools to study the cellular functions of sphingolipids has signif-
icantly contributed to the rapid growth of sphingobiology across
kingdoms. To date, although studies crosslinking sphingolipids
and plant immunity are still sporadic, there is increasing evi-
dence to suggest important roles for sphingolipids in modulation
of plant PCD (non-autolytic cell death) associated with defense
and disease. This review will examine how sphingolipids may be
mechanistically connected to the plant defense from the follow-
ing aspects: (i) implications of sphingolipid-perturbation-induced
PCD (SPI-PCD) in plant disease and defense, (ii) potential bioac-
tive sphingolipids as signalingmolecules in plant PCDanddefense,
and (iii) sphingolipids in lipid raft formation and polarized
membrane/protein trafﬁcking associated with plant defense.
SPHINGOLIPID METABOLISM IN PLANTS
In order to examine and understand the complex plausible con-
nections between sphingolipid metabolism and plant disease or
defense, it is necessary to give a brief introduction to sphingolipids
and their metabolism in plants. For a thorough understanding of
sphingolipid metabolism, the reader is referred to many excel-
lent recent reviews on this subject (Dunn et al., 2004; Breslow
and Weissman, 2010; Pata et al., 2010; Hannun and Obeid, 2011;
Merrill, 2011).
All complex sphingolipids are composed of a sphingoid long-
chain base (LCB) linked via the amide bond to an N -acylated fatty
acid (FA) to yield ceramide (the basic unit of all sphingolipids) and
a polar head group (Figure 1; Gault et al., 2010; Pata et al., 2010;
Merrill, 2011). In some literature, the term “sphingolipids” also
covers sphingoid LCB derivatives and for convenience we will use
this broader deﬁnition of sphingolipid in this review. As shown in
Figure 1, the extremely high structural diversity of sphingolipids
is attributed to (a) the length of the sphingoid LCB (the most
common chain being 18 carbon atoms) and the N -acylated FA
chain (often ranging from 14 to 36 carbon atoms; Breslow and
Weissman, 2010; Merrill, 2011), (b) the degree of hydroxylation,
and number and position of double bond in the LCB, (c) the
saturation and hydroxylation status of the FA, and (d) the sub-
stituent as the head group at position 1 of the basic ceramides
(which contains a simple hydroxyl group; Breslow and Weissman,
2010; Tafesse and Holthuis, 2010; Merrill, 2011). Thus, the result-
ing eukaryotic sphingolipidome is very complex, comprising up to
thousands of sphingoid bases and their derivatives, which has per-
plexed “sphingobiologists” for decades (Merrill et al., 2007, 2009).
For example, one recent sphingolipid proﬁling assay alone identi-
ﬁed over 200 sphingolipids in Arabidopsis leaves (Markham et al.,
2006; Markham and Jaworski, 2007). It is the structural diversity
of sphingolipids that is believed to enable their diverse cellular
functions including those related to immunity in plants and other
eukaryotic organisms. There is a convenient short-hand nomen-
clature to describe sphingolipids with structural features (Chen
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FIGURE 1 |The basic structure, building blocks, and sources for
structural diversity of sphingolipids. All the structural variables are
highlighted in red and indicated by a number in a shaded circle. Ceramide
(Cer) is the fundamental unit of all complex sphingolipids. The Cer core
consists of two structural moieties: the sphingoid long-chain base (LCB)
and the fatty acid (FA) chain linked via an amide bond. The typical LCB has a
chain length of 18 carbons, which may be hydroxylated at 4-position 1 , or
have a double bond at the 4 or 8 carbon 2 . The FA chain may be
hydroxylated at the α-position 3 , and/or have a double bond at
ω9-position 4 . The FA chain length may vary from 14 to 36 (if >20, it is
referred to as very long-chain FA, i.e., VLCFA) 5 . The structurally diverse
ceramides can be converted to more complex sphingolipids via substitution
of the head group designated R at the 1-position of the LCB 6 . Additional
sugar residues may be further added to IPCs and GlcCERs, resulting in
more complex sphingolipids.
et al., 2010; Merrill, 2011). For example, d18:1/C16:0 refers to
a ceramide consisting of dihydrosphingosine with an 18 carbon
chain plus 1 double bond (d18:0), and an amide-linked C16 FA
chain with 0 double bond (C16:0).
Despite the structural diversity, sphingolipid metabolism is
generally conserved in animals, yeast, and plants (Hannun and
Obeid, 2008;Merrill, 2011). Complex sphingolipids can be formed
via two major pathways: the de novo biosynthesis pathway, start-
ing with the condensation of a serine with an acyl-CoA; and the
salvage pathway, where ceramides and LCBs as catabolites of more
complex sphingolipids re-enter the synthetic pathway (Kitatani
et al., 2008; Pata et al., 2010; Merrill, 2011). The major steps of the
biosynthesis of sphingolipids and their modiﬁcation and degrada-
tion pathways have been elucidated in yeast and other eukaryotic
organisms (see excellent reviews by Breslow and Weissman, 2010;
Hannun and Obeid, 2011; Merrill, 2011). To help the reader bet-
ter understand our focused review, we highlight here the major
known steps of sphingolipid metabolism in plants (Figure 2).
As depicted in Figure 2, sphingolipid biosynthesis begins in the
endoplasmic reticulum (ER) with the condensation of serine and
fatty acyl-CoA. This reaction is catalyzed by the enzyme serine
palmitoyltransferase (SPT) and yields the ﬁrst of a series of LCBs
(Tafesse and Holthuis, 2010; Merrill, 2011). The resulting LCBs
become acylated and are further modiﬁed to form ceramides – the
backbone of more complex sphingolipids (Tafesse and Holthuis,
2010). Ceramides are then transported to the Golgi complex,
where they acquire a species-speciﬁc array of polar head groups
to form the complex sphingolipids such as sphingomyelin (SM;
in animals), (glycosyl) inositol-phosphorylceramides [(G)IPCs;
in plants and fungi], and various glucosylceramides (GlcCERs)
found primarily on the cell surface (Tafesse and Holthuis, 2010).
Thus, the four major classes of plant sphingolipids are free LCBs,
ceramides, GIPCs, and GlcCERs. Although GIPCs and GlcCERs
are much more abundant (>10×) than LCBs and ceramides in
plant cells (Markham et al., 2006; Markham and Jaworski, 2007),
their biological functions beyond structural roles in membrane
formation are poorly characterized. By contrast, like in yeast and
animals, less abundant LCBs and ceramides and their derivatives
formed via phosphorylation and hydroxylation, are known to be
implicated in regulation of multiple important cellular functions
in plants, such as stomata closure mediated by ABA signaling
(Coursol et al., 2003;Michaelson et al., 2009;Quist et al., 2009) and
plant PCD (see later text). Thus, their relative levels are thought
to be tightly regulated. Recent studies in yeast suggest that two
yeast homologs of human orosomucoid (Orm) proteins Orm1
and Orm2 function as a rheostat to regulate sphingolipid synthe-
sis and these two proteins are regulated via phosphorylation by the
protein kinaseYpk1 (Breslow et al., 2010;Han et al., 2010; Roelants
et al., 2011). Mutations in human Orm-like protein 3 (ORMDL3)
gene are associated with susceptibility to multiple pathological
disorders, indicating the importance of a tight regulation of sphin-
golipid metabolism (Breslow et al., 2010; Jin et al., 2011). A BLAST
search also identiﬁed two likely Orm homologs, At1G01230 and
At5G42000 in the Arabidopsis genome. It is possible that these
Orm-like genes serve similar regulatory function in plants.
THE “DEATH” CONNECTIONS BETWEEN SPHINGOLIPID
METABOLISM AND PLANT DEFENSE/DISEASE
“DEATH” CONNECTION I: FUNGAL TOXINS AND PLANT DISEASES
Plants and their pathogens engage in a long lasting warfare to sur-
vive and thrive. The strategies for infection and defense depends
on the modes of parasitism: necrotrophs kill and feed on hosts
whereas biotrophs co-survive with their hosts and thus suppress
cell death (HR) to enable infection. Thus control of the host cell
fate at the site of infection is a key battle between plants and their
pathogens.
Retrospectively, the identiﬁcation of twomajor groups of toxins
AAL (named from initials of the producing pathogen; see below)
and fumonisin B1 (FB1) from plant necrotrophic pathogens coin-
cided with and facilitated early research on sphingolipid metab-
olism and its cellular functions in yeast, plants, and animals.
Although numerous studies have been conducted with AAL and
FB1 as inhibitor of the acyl-CoA-dependent ceramide synthases
(CerSs), there are only a few investigations focusing on whether
AAL and FB1 contribute to virulence of the necrotrophic fun-
gal pathogens. Here, we examine the “death” connection between
these two toxins and fungal virulence.
Fungal toxin AAL as a virulence factor induced PCD
In search for the fungal factor of Alternaria alternata f. sp. lycoper-
sici, a necrotrophic pathogen causing stem canker disease on cer-
tain tomato cultivars, Gilchrist and colleagues isolated (Gilchrist
and Grogan, 1976) and puriﬁed (Clouse et al., 1985) the fungal
toxinAAL that induced the stem canker disease symptom. In these
studies, they also found that resistance of tomato to the toxin is
controlled by a single dominant gene named Asc (Gilchrist and
Grogan, 1976). Genetically,Asc is a typical R gene that counteracts
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FIGURE 2 |The major steps of sphingolipid metabolism in plants.
De novo ceramide synthesis occurs in the ER and synthesis of more complex
sphingolipids occurs in the Golgi apparatus. The metabolic steps genetically
characterized to be critical for plant PCD regulation are enumerated 1 to 6 ;
Name of enzymes are in white boxes, and genetically characterized ones in
gray boxes; Uncharacterized steps are linked with dashed lines.
the activity of a virulence factor, in this case the AAL toxin. Later,
Akamatsu et al. (1997) made 3 AAL-toxin-deﬁcient mutants of
A. alternata f. sp. lycopersici and found that these fungal mutants
could not cause symptoms on susceptible tomato, indicating that
the toxin is required for pathogenicity of the fungus (Akamatsu
et al., 1997). AAL was later found to be a potent inducer of plant
PCD (Mirocha et al., 1992; Witsenboer et al., 1992; Gilchrist et al.,
1995a; Wang et al., 1996b), apoptosis and other maladies in a
wide range of animal cells (Shier et al., 1991; Abbas et al., 1995b;
Gilchrist et al., 1995b; Wang et al., 1996a), with typical features
of PCD such as DNA fragmentation, laddering, and caspase acti-
vation (in animal cases). The structure of AAL was resolved and
was found to be structurally analogous to sphingosine (Shier et al.,
1995), implicating sphingolipidmetabolism in plant PCDand ani-
mal apoptosis (Mirocha et al., 1992; Abbas et al., 1994, 1995a;
Gilchrist et al., 1995b).
Asc was cloned in 2000 by Brandwagt and colleagues and
found to share homology to the yeast longevity assurance gene
LAG1 (D’Mello et al., 1994; Brandwagt et al., 2000). AAL-sensitive
tomato (asc/asc) genotypes bear loss-of-function mutations in
the Asc gene (Brandwagt et al., 2000; Spassieva et al., 2002).
Overexpression of Asc was found to confer insensitivity to
another sphingosine analog,mycotoxin FB1 and resistance to plant
infection by A. alternata f. sp. lycopersici (Brandwagt et al., 2002).
Yeast LAG1 and its close homolog LAC1, and their mam-
malian homologs encode acyl-CoA-dependent CerSs (Schorling
et al., 2001; Guillas et al., 2003; Riebeling et al., 2003). Con-
sistent with AAL being a sphingosine analog, AAL has been
shown to be a potent inhibitor of CerSs in yeast and animals
(Abbas et al., 1994; Gilchrist et al., 1995b; Riebeling et al., 2003;
Figure 2). Asc is thus predicted to encode a plant acyl-CoA-
dependent CerS, although biochemical evidence has not been
provided. Based on the biochemical nature of AAL and its target
enzyme CerS, there are two possible mechanisms underlyingAAL-
induced PCD in plants (and animals): (i) accumulation of LCBs
[dihydrosphingosine (sphinganine; d18:0) and phytosphingosine
(4-hydroxysphinganine; t18:0); Wang et al., 1996b; Brandwagt
et al., 2000] or (ii) ceramide deﬁciency. However, because block-
ing the ﬁrst step of sphingolipid synthesis by myriocin, another
fungal toxin, alleviates PCD induced by AAL, this suggests that a
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decrease in de novo ceramide synthesis is not, by itself, the cause
for AAL-induced PCD (Spassieva et al., 2002). Thus it appears that
it is the accumulation of LCBs due to inhibition of CerS activity by
AAL that triggers PCD. Alternatively, the ratio of LCBs/ceramides
may constitute a switch, triggering PCD (Spassieva et al., 2002).
These ﬁndings stimulated studies of LCBs as signaling molecules
involved in multiple cellular processes in yeast, plants and animals
(see later text for more details).
Fumonisin as a virulence factor induces PCD
Fumonisins comprise another group of fungal toxins that are
structural analogs of sphingosine and potent inhibitors of acyl-
CoA-dependent CerSs (Merrill et al., 1993; Abbas et al., 1994;
Gilchrist et al., 1995a; Figure 2). These toxins are produced by
several species of Fusarium molds such as F. verticillioides and F.
moniliforme capable of infecting many cereal crops such as maize,
wheat, and barley (Sydenham et al., 1990; Thiel et al., 1991). Thus,
food and feed contamination with fumonisins presents a serious
safety concern to animals and humans (Sydenham et al., 1990;
Marasas, 2001; Grenier and Oswald, 2011).
Fumonisin B1 is the most prevalent member of this toxin
family and has been widely used as a probe to investigate the
cellular functions of sphingolipid metabolism in yeast and ani-
mals (Abbas et al., 1994, 1995b; Wang et al., 1996a; Schmelz
et al., 1998; Riebeling et al., 2003). In contrast, relatively little is
known about the physiological effect of fumonisins from fun-
gal pathogens in the natural environment on the development of
plant diseases. Earlier studies with maize pathogens Fusarium spp.
revealed positive correlations between production of FB1 and lev-
els of virulence (Desjardins et al., 1995; Desjardins and Plattner,
2000; Williams et al., 2007). More recently, through molecular
and genetic studies, Glenn et al. (2008) identiﬁed the fumonisin
biosynthetic gene cluster in F. verticillioides infectious on maize
seedlings. They generated mutant strains in which a polyketide
synthase gene (FUM1) is disrupted and production of fumonisins
is abrogated and found that these mutant strains were not path-
ogenic on maize seedlings, thus providing genetic evidence that
fumonisin production by F. verticillioides is required for devel-
opment of foliar disease symptoms on maize seedlings (Glenn
et al., 2008). In addition, Sanchez-Rangel et al. (2011) found
that F. verticillioides and pure FB1 toxin suppress the activities
of two basic isoforms of maize β-1,3-glucanase (PR2-like pro-
teins). Hence they suggested that β-1,3-glucanases are relevant
physiological targets of FB1 and their suppression by FB1 might
contribute to F. verticillioides virulence (Sanchez-Rangel et al.,
2011).
Compared to AAL, FB1 has been more widely used as a tool
to study the connection of PCD due to perturbation of sphin-
golipid metabolism and activation of plant defense. Of note, Stone
et al. (2000) found that FB1-induced cell death in Arabidopsis is
associated with generation of ROS, deposition of phenolic com-
pounds and callose, accumulation of phytoalexin, and expression
of pathogenesis-related (PR) genes, which is mechanistically simi-
lar to HR in ETI. Furthermore, they showed that FB1-induced cell
death in Arabidopsis protoplasts requires jasmonate-, ethylene-,
and SA-dependent signaling pathways (Asai et al., 2000). These
results provide strong evidence to support the notion that the
executionof PCD inducedbyFB1 andHRshare somebasic cellular
mechanisms.
Kuroyanagi et al. (2005) further showed that VPE, which is
essential for HR development, is also required for FB1-induced
cell death in Arabidopsis (Kuroyanagi et al., 2005). FB1-induced
cell death was accompanied with disruption of vacuolar mem-
brane followed by lesion formation. The features of FB1-induced
cell death were completely abolished in the Arabidopsis VPE-null
mutant. Because VPE shows caspase-1-like activity in plants and
is essential for HR cell death, this ﬁnding links FB1-induced to HR
and apoptosis in animals (Kuroyanagi et al., 2005).
Furthermore, Li et al. (2008) showed that a (caspase-like) ser-
ine protease (Kunitz trypsin) inhibitor (KTI1) of Arabidopsis is
induced late in response to bacterial and fungal elicitors and to
exogenous SA (Li et al., 2008). RNAi silencing of the AtKTI1 gene
resulted in enhanced leaf PCD induced by FB1 or HR induced by
an avirulent bacterial pathogen Pseudomonas syringae pv tomato
DC3000 carrying avrB. Overexpression of AtKTI1 on the other
hand reduced FB1-induced PCD and the HR (Li et al., 2008), again
suggesting that FB1-induced PCD is mechanistically connected
with HR.
In summary, studies on the mode-of-action(s) for two fungal
toxins AAL and FB1 have collectively revealed that induction of
plant PCD due to inhibition of the acyl-CoA-dependent CerS is
a virulence strategy of necrotrophic pathogens and suggested that
there is an intimate connection between sphingolipid metabolism
andplant PCDassociatedwith plant disease caused bynecrotrophs
and possibly with plant defense against biotrophs.
“DEATH” CONNECTION II: ARABIDOPSIS MUTANTS IDENTIFIED BY
FORWARD GENETICS
Since HR often occurs during ETI and shows similar molecular
and physiological features with PCD induced by fungal toxins and
other pathogen elicitors, one strategy to elucidate the genetic com-
ponents that negatively regulate HR is to identify and characterize
genetic mutations that result in HR-like cell death and constitutive
expression of SA-dependentPR genes.Many such so-called lesion-
mimic Arabidopsis mutants have been isolated and characterized
in the past two decades. Collectively, these studies have revealed
several regulatory mechanisms contributing to plant PCD associ-
ated with defense (reviewed by Lorrain et al., 2003; Moeder and
Yoshioka, 2008). A few genes identiﬁed by this forward genetics
approach are predicted to encodeproteins involved in sphingolipid
metabolism (Table 2), thus providing solid genetic evidence for
the connection between sphingolipid metabolism and plant PCD
associated with defense.
FBR11 – a subunit of the serine palmitoyltransferase
Given that FB1-induced PCD shares common features of HR,
a facile genetic screen using FB1 as a PCD inducer identiﬁed
two FB1-resistant in Arabidopsis mutants fbr1 and fbr2 (no cell
death in the presence of 1μM FB1 on agar medium; Stone et al.,
2000). Though no further report on the identity of the two muta-
tions, a T-DNA insertion-mediated knockdown mutant named
fbr11-1 was identiﬁed using a similar mutant screening scheme
(Shi et al., 2007). FBR11(At4g36480) encodes a long-chain base 1
(LCB1) subunit of SPT (Shi et al., 2007). SPT catalyzes the ﬁrst
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Table 2 | CharacterizedArabidopsis genes implicated in sphingolipid-perturbation induced PCD related to defense.
Gene symbol Gene ID Gene product PCD-related phenotypes Possible mechanisms
involved
Reference
LCB1 (FBR11) At4g36480 Subunit of
serine palmi-
toyltransferase
(SPT)
The fbr11-1 knockdown mutant is less
sensitive to FB1-induced
Low levels of LCBs Chen et al. (2006), Shi
et al. (2007)
LCB2a At5g23670 Subunit 2 of
SPT
The lcb2a knockout mutant is less
sensitive to FB1-induced PCD
Low levels of LCBs Saucedo-Garcia et al.
(2011b)
SBH1/SBH2 At1g14290/
At1g69640
Sphingolipid-
C4-
hydroxylase
The double mutant is dwarfed and with
PCD spots
Higher levels of
C16-sphingolipids and lower
levels of VLCFA-sphingolipids,
and/or lack of trihydroxy LCBs
Chen et al. (2008)
SphK1/SphK2 At4g21540/
At2g46090
sphingosine
kinase
The sphk1 knockout mutant is less
sensitive to ABA; Inhibition of the
enzymatic activity makes cells more
sensitive to LCB-induced PCD
Increase in LCBs/LCB-Ps ratio Coursol et al. (2003),
Worrall et al. (2008),
Alden et al. (2011), Guo
et al. (2011)
AtDPL1 At1g27980 LCB
phosphate
lyase
The knockout mutant has increased
sensitivity to FB1-induced PCD
Increase in LCBs/LCB-Ps ratio Tsegaye et al. (2007)
LOH1 At3g25540 Ceramide
synthase
(using VLCFA)
The loh1 knockout mutant shows PCD
associated with PR gene expression
Accumulation of LCBs and
C16-ceramides, and/or reduction
in VLCFA-ceramides
Markham et al. (2011),
Ternes et al. (2011)
LOH2 At3g19260 Ceramide
synthase
(using C16 FA)
Reduction in C16-ceramides; No
obvious phenotype detected so far
NA Markham et al. (2011),
Ternes et al. (2011)
LOH3 At1g13580 Ceramide
synthase
(using VLCFA)
The loh1/loh3 double knockdown
mutant has accumulation of LCBs and
C16-ceramides, but reduction in
VLCFA-ceramides
Mimicking the effect of FB1
treatment
Markham et al. (2011),
Ternes et al. (2011)
CERK (ACD5 ) At5g51290 Ceramide
kinase
The acd5 knockout mutant develops
SA-dependent PCD, and is more
susceptible to P. syringae but more
resistant to powdery mildew
Accumulation of ceramides Liang et al. (2003),
Wang et al. (2008)
FAH1/FAH2 At2g34770/
At4g20870
Fatty acyl
α-hydroxylase
AtFAHs are required for AtBI-mediated
suppression of PCD in mutant yeast
Complementation of yeast fah
mutant
Nagano et al. (2009)
IPCS2 (ERH1) At2g37940 Inositol-
phosphoryl-
ceramide
synthase
The erh1 knockout mutant develops
SA-dependent PCD in plants
expressing RPW8
Accumulation of ceramides with
a trihydroxy LCB and a
non-hydroxylated C16 fatty acid
Wang et al. (2008)
ACD11 At2g34690 Sphingosine
transfer
protein
The acd11-knockout mutant develops
SA-dependent PCD
Failure in sphingolipid transport? Brodersen et al.
(2002), Petersen et al.
(2008)
MIPS1 At4g39800 Myo-inositol
1-phosphate
synthase
The mips1 knockout mutant develops
PCD associated with defense
Ceramide accumulation due to
deﬁciency in phosphatidylinositol
as substrate for IPCSs
Meng et al. (2009),
Donahue et al. (2010)
MPK6 At2g43790 MAP kinase The mpk6 knock out mutant is less
sensitive to FB1 or free LCB (d18:0)
induced PCD
Defective in LCB-triggered
MAPK signaling engaged in
LCB-triggered PCD
Saucedo-Garcia et al.
(2011b)
Myb30 At3G28910 Transcription
factor
Myb30 positively regulates HR and
defense
Activation of genes encoding
components of acyl-CoA
elongase complex required for
VLCFA synthesis
Raffaele et al. (2008),
Canonne et al. (2011)
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rate-limiting step of de novo sphingolipid synthesis (Figure 2).
This result provided direct genetic evidence for the conclusion
derived from the experiments in which inhibition of SPT by a fun-
gal toxin myriocin alleviatedAAL or FB1-induced PCD (Spassieva
et al., 2002). That is: the accumulation of LCBs, not the blockage
of the de novo sphingolipid biosynthesis per se underlies AAL-
/FB1-induced PCD. It is worth noting that another more severe
mutant allele of LCB1, fbr11-2 causes the formation of abortive
microspores due to cell death of the binucleated microspores,
suggesting an essential role of sphingolipid biosynthesis in male
gametophyte development (Teng et al., 2008).
ACD5 – a ceramide kinase
One Arabidopsis mutant with spontaneous accelerated cell death
due to a defect in sphingolipid metabolism is acd5 (Greenberg
et al., 2000). ACD5 is predicted to encode a ceramide kinase
(Liang et al., 2003; Figure 2). Consistently, ceramides as substrates
are accumulated at a higher level in acd5 plants compared to
wild-type plants (Liang et al., 2003). The authors demonstrated
in vitro assays that recombinant ACD5 has ceramide kinase activ-
ities and prefers ceramides containing sphingosine with a double
bond at position 4 (d18:1Δ4E) as the LCB moiety than ceramides
containing dihydrosphingosine (d18:0; Liang et al., 2003). Recent
functional analysis on the rice ACD5 ortholog demonstrated that
ceramides induce cell death with similar features in monocots
and dicots (Bi et al., 2011). Genetic analyses showed that acd5-
mediated cell death is SA-dependent and associated with PR gene
expression, but acd5 plants were slightly more susceptible to viru-
lent bacterial pathogens (Greenberg et al., 2000; Liang et al., 2003),
suggesting that SPI-PCD can be uncoupled from resistance to bac-
terial pathogens. However, acd5 plants showed apparent enhanced
resistance to powdery mildew, which is an obligate biotrophic
fungal pathogen (Wang et al., 2008). These seemingly conﬂict-
ing results probably reﬂect the differential efﬁcacy of SPI-PCD
in defenses against pathogens deploying different mechanisms for
pathogenesis.
ERH1 – an inositol-phosphorylceramide synthase
Additional genetic evidence for ceramide accumulation as a poten-
tial trigger of plant PCD in connection with defense came from
a genetic screen for mutations enhancing RPW8-mediated HR
cell death (erh; Wang et al., 2008). RPW8 is an atypical R protein
that confers SA-dependent, broad-spectrum resistance to pow-
dery mildew (Xiao et al., 2001, 2005). ERH1 was cloned and
found to encode an inositol-phosphorylceramide synthase (IPCS;
At2g37940; AtIPCS2), which catalyzes the production of inositol-
phosphorylceramide (IPC) and diacylglycerol from ceramide and
phosphatidylinositol (Nagiec et al., 1997; Denny et al., 2006;Wang
et al., 2008; Figure 2). ERH1 was rapidly induced by Psm avrRpm1
(during ETI) and by powdery mildew especially in plants express-
ing RPW8, and showed elevated expression in plants exhibiting
massive spontaneous HR-like cell death due to overexpression of
RPW8 (Wang et al., 2008). Loss of AtIPCS2 in erh1 plant contain-
ing RPW8 results in signiﬁcantly higher levels of ceramides and
massive HR-like cell death which correlates with transcriptional
ampliﬁcation of RPW8 and elevated level of SA (Wang et al., 2008).
There are three IPCS genes in the Arabidopsis genome. AtIPCS2
and the other two homologs (At3g54020, AtIPCS1; At2g29525-
AtIPCS3) all have been shown to possess IPCS activities (Wang
et al., 2008; Mina et al., 2010), with likely differential and over-
lapping organ/tissue expression in Arabidopsis (Mina et al., 2010),
suggesting that there is functional redundancy as well as special-
ization between these three IPCSs (Mina et al., 2010). Notably, the
acd5/erh1 double mutant developed more severe cell death and
acd5/erh1/RPW8 plants show lethal cell death, possibly as a con-
sequence of even higher levels of ceramide or its precursor LCBs
compared to single mutants (Wang et al., 2008).
ACD11 – a sphingolipid transporter
The acd11 mutant provides intriguing evidence linking perturba-
tion of sphingolipid metabolism (transport) with R protein func-
tions in HR. The acd11-knockout (ko) Arabidopsis plants displays
lethal cell death. Similar to PCD induced by FB1, acd11-mediated
PCD is accompanied with SA-dependent PR gene expression
(Brodersen et al., 2002). These phenotypes can be suppressed by
mutations in SA-signaling components EDS1 or PAD4 (Brodersen
et al., 2002). ACD11 is predicted to encode a protein that is struc-
turally similar to mammalian GLTP which transfers glycosphin-
golipids (Sasaki, 1985; Malinina et al., 2004). In fact, human GLTP
could partially suppress acd11-mediated cell death in Arabidopsis
(Petersen et al., 2008). ACD11 was shown in vitro assays to possess
activities in transferring sphingosine (d18:1) but not ceramides
between membranes (Brodersen et al., 2002). Intriguingly,ACD11
was also shown to have activities in transferring animal SM which
has not been detected in plants but structurally similar to plant
IPC. Therefore it is possible that physiological substrates of ACD11
may not be limited to sphingosine (Brodersen et al., 2002; Petersen
et al., 2008). However, because different ACD11 mutant forms
that lost lipid transfer activities toward SM can also rescue the
cell death phenotype of acd11, this uncharacterized sphingolipid
transfer activity of ACD11 (even if it exists in planta) seems dis-
pensable for PCD regulation. These data hint the importance of
transferring sphingosine and other related derivatives by ACD11
to certain subcellular compartments (Figure 2) and suggest that if
this step is disrupted, cell death ensues. Consistent with this spec-
ulation, Petersen et al. (2009) recently identiﬁed four potential
ACD11-interacting proteins and all these proteins are associated
with membrane fraction, implying that ACD11 is functionally
related to membrane trafﬁcking (Petersen et al., 2009).
An alternative hypothesis proposed by the authors is that
ACD11 may serve as a “guardee” protein of an intracellular NB-
LRR protein, as it is the case for RIN4 being the “guardee” of
NB-LRR proteins conferring resistance to P. syringae (Axtell and
Staskawicz, 2003;Mackey et al., 2003;Marathe andDinesh-Kumar,
2003). In this regard, the absence of ACD11 may be sensed by
the cognate NB-LRR protein, which subsequently triggers PCD
(Petersen et al., 2008). The subcellular compartmentwhereACD11
localizes is currently unknown. Future identiﬁcation of the exact
physiological substrates of ACD11 and the subcellular location
where ACD11 functions will be revealing.
Because acd11-mediated cell death has intimate connection
with the SA-dependent defense pathway, acd11 was used in a sec-
ondary screen for suppressor mutations. Three such suppressor
mutations named lazarus 1 (laz1), laz2, and laz5 were isolated
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(Malinovsky et al., 2010; Palma et al., 2010). laz1 is a loss-of-
function mutation in At4g38360 encoding a protein showing
homology to human tumor suppressor TMEM34 (Akaishi et al.,
2007; Malinovsky et al., 2010). Although LAZ1 did not seem to
play any role in basal and R gene-dependent resistance to bac-
teria, it is required for HR manifested during NB-LRR R gene
RPS4- and RPM1-mediated resistance to the cognate avirulent
P. syringae strains (Malinovsky et al., 2010). This result supports
the notion that HR can be uncoupled from bacterial resistance
(Clough et al., 2000; Jurkowski et al., 2004; Coll et al., 2010).
Intriguingly, another acd11-cell death suppressor is a dominant
negative mutation in an RPS4-like NB-LRR gene (LAZ5), which
strongly suggests that acd11-cell death engages inappropriate acti-
vation of one or more NB-LRR proteins. This ﬁnding also lends
support to the hypothesis thatACD11may be a“guardee”of one or
more NB-LRR proteins and loss of ACD11 can trigger activation
of its guarding NB-LRRs. In addition, the authors further found
that a loss of function mutation in a gene encoding a histone lysine
methyltransferase SDG8 in the laz2 mutant also suppressed acd11-
cell death (Palma et al., 2010). More interestingly, the authors
showed that SDG8 is required for expression of LAZ5 and proba-
bly other NB-LRR genes and that SDG8 is required for basal and R
protein-mediated pathogen resistance (Palma et al., 2010). Collec-
tively, these results on ACD11 and LAZ genes have established an
intrinsic connection between dysfunction of sphingolipid metab-
olism (likely sphingolipid transport) and plant PCD which shares
common mechanisms with HR occurring in ETI (Palma et al.,
2010).
“DEATH” CONNECTION III: ARABIDOPSIS MUTANTS IDENTIFIED BY
REVERSE GENETICS
Advances in yeast and animal sphingobiology coupled with func-
tional genomics studies of Arabidopsis and other plant species have
led to the identiﬁcation of most candidate genes (∼30) encoding
enzymes participating in plant sphingolipid metabolism (Zauner
et al., 2010; some are listed in Table 2). As such, a more targeted,
reverse genetics approach has become possible to study the vari-
ous cellular functions of sphingolipids using theArabidopsis model
system. Such studies have further consolidated the ﬁndings based
on the fungal toxins and genetic mutants obtained in forward
genetic screens described above. Here we only introduce three
examples.
LCB2 – the other subunit of the serine palmitoyltransferase
All known eukaryotic SPTs are membrane-associated het-
erodimers that are composed of subunits encoded by the LCB1
(FBR11) and LCB2 genes (Hanada, 2003). In Arabidopsis, there
are two functionally redundant homologous genes (LCB2a and
LCB2b) encoding for the LCB2 subunit (Dietrich et al., 2008).
While genetic data derived from the fbr11-1 mutant fully support
the results from those obtainedusing fungal toxins (Spassieva et al.,
2002; Wispriyono et al., 2002; Shi et al., 2007), there is consider-
able discrepancy among recent data concerning PCD phenotypes
caused by genetic mutations in LCB2a and LCB2b. The Arabidop-
sis lcb2a-ko mutant is less sensitive to FB1-induced cell death
(Saucedo-Garcia et al., 2011b), consistent with the notion that
accumulation of LCBs plays a critical role in activation of PCD.
Conversely, Takahashi et al. (2009) showed that overexpression
of Nicotiana benthamiana (Nb) LCB2 caused cell death, possi-
bly due to the accumulation of LCBs in the cells with enhanced
activity of SPT (Takahashi et al., 2009). However, a study from
Gan et al. (2009) showed that silencing the presumable sole N.
tobaccum (Nt ) LCB2 enhanced cell death induced by multiple
elicitors including the pro-apoptotic mouse protein Bax, while
overexpression of an LCB2 gene from Chinese cabbage Brassica
campestris (Bc) ssp. chinensis suppressed cell death induced by
the same elicitors and disease associated cell death caused by
Ralstonia solanacearum in N. tobaccum (Gan et al., 2009). Intrigu-
ingly, the ability of BcLCB2 to suppress cell death did not seem to
require its function involving SPT activity, suggesting a novel cel-
lular function independent of SPT for BcLCB2. Whether BcLCB2
overexpression or NtLCB2 silencing in N. tobaccum alters sensi-
tivity to FB1-induced PCD has not been determined. Nor did the
authors test if BcLCB2 overexpression can suppress HR during
ETI in Chinese cabbage. Nevertheless, these unexpected observa-
tions imply that LCB2 from different plant species may behave
differently in heterologous backgrounds and/or that there may be
species-speciﬁc threshold levels of LCBs for triggering cell death.
LOH1/LOH2/LOH3 – ceramide synthases
The biochemical function of Asc has not been reported, leaving
the precise biochemical nature of AAL-induced PCD and disease-
like symptom in tomato undetermined. A recent elegant study
by Markham et al. (2011) has offered an indirect but convincing
answer to this question. The authors identiﬁed T-DNA mutants
for three Arabidopsis Asc homologs, LAG One Homolog 1 (LOH1;
At3g25540), LOH2 (At3g19260), and LOH3 (At1g13580) based
on sequence homology (Markham et al., 2011). They demon-
strated that LOH1 and LOH3 which encode acyl-CoA-dependent
CerSs are responsible for the synthesis of ceramides contain-
ing very long-chain (C20–C28) FA (VLCFA), whereas the CerS
encoded by LOH2 is speciﬁc for synthesis of ceramides contain-
ing C16:0 FAs (Markham et al., 2011; Figure 2). The authors
also found that the loh1/loh3 sesqui-mutant (double knockdown)
showed accumulation of LCBs (such as d18:0 and t18:0) and
C16:0-ceramides, in addition to a signiﬁcant reduction inVLCFA-
ceramides (Markham et al., 2011). This alteration of the sphin-
golipid pattern is similar to that caused by FB1 treatment on
wild-type Arabidopsis (Abbas et al., 1994; Markham et al., 2011)
and reminiscent of the higher sensitivity of asc/asc tomato plants
to AAL-induced PCD (Brandwagt et al., 2000; Spassieva et al.,
2002). These observations, together with another report that loh1
mutant Arabidopsis developed spontaneous HR-like cell death in
mature leaves at a late developmental stage (Ternes et al., 2011),and
relevant ﬁndings in yeast and animals (Guillas et al., 2001; Schor-
ling et al., 2001; Pewzner-Jung et al., 2010; Mullen et al., 2011b),
suggest that (i) different isoforms of acyl-CoA-dependent CerSs in
higher eukaryotes possess differential preferences onFA substrates,
(ii) FB1 selectively inhibits VLCFA-ceramide synthesis in animals
and plants, and (iii) accumulation of LCBs and/or accumulation of
C16-ceramides, and/or deﬁciency in VLCFA-ceramides (and pos-
sibly accumulation of VLCFAs as substrates) all may contribute to
the initiation of PCD. Based on these results, it seems very likely
that the higher sensitivity/susceptibility of asc/asc tomato cultivars
Frontiers in Plant Science | Plant Physiology April 2012 | Volume 3 | Article 68 | 8
Berkey et al. Sphingolipids and plant PCD
to AAL/A. alternata f. sp. lycopersici is due to reduction of total
VLCFA-speciﬁc CerS activity as a result of the natural mutation in
the Asc (LOH1/3-like) gene.
SBH1/SBH2 – sphingoid base hydroxylase
The Arabidopsis genome contains two LCB C-4 hydroxylase
genes Sphingoid base hydroxylase1 (SBH1; At1g69640) and SBH2
(At1g14290) for hydroxylation of LCB at 4-position (Figures 1
and 2). sbh1/sbh2 double mutant plants completely lacked trihy-
droxy LCBs, showed severe dwarﬁsm, and enhanced expression of
genes associated with PCD (Chen et al., 2008). In addition, C4-
hydroxylation seems to be optional in C16-Cer species, but oblig-
atory in C20–C28-Cer species, since the sbh1/sbh2 double mutant
showed severely decreased proportions of C20–C28-Ceramide
species, despite an approximate 2.5-fold increase in the total con-
tent of sphingolipids when compared to the wild-type plants
(Chen et al., 2008). These results, together with recent ﬁndings
that LOH2 accepts both dihydroxy LCBs (d18:0) and trihydroxy
LCBs (t18:0) for C16-Ceramide synthesis while LOH1 and LOH3
appear to prefer trihydroxy LCBs for VLCFA-ceramide synthesis
(Markham et al., 2011; Ternes et al., 2011) suggest that structural
features of the sphingoid base such as hydroxylation (and likely
desaturation) also affect the efﬁcacy of the corresponding LCBs
and ceramides in regulation of plant growth and development
and PCD, as it has been shown for the LCB mediators in stomata
closure (Ng et al., 2001).
THE BIOACTIVE SPHINGOLIPIDS AS MODULATORS OF
PLANT PCD
An obvious generalization from studies with AAL and FB1, and
genetic analyses with variousArabidopsis mutants is that perturba-
tions of sphingolipidmetabolism could lead to plant PCD and that
SPI-PCD is intimately connected with the SA-dependent defense
signaling pathway. However, the exact bioactive sphingolipids that
triggered PCD in most experiments were not deﬁnitively char-
acterized. This uncertainty is primarily due to (i) detection of
changes of all relevant sphingolipids by sphingolipidomic proﬁl-
ing was difﬁcult in the past and is still not trivial today (Markham
et al., 2006; Markham and Jaworski, 2007); and (ii) the sphin-
golipid metabolic pathway is an interconnected complex “spider”
web, perturbation in one step will likely produce an “metabolic
ripple effect,” leading to an alteration elsewhere in the metabolic
pathway (Hannun and Obeid, 2008, 2011). Despite the difﬁculty,
new emerging evidence from recent genetic and biochemical stud-
ies (Liang et al., 2003; Shi et al., 2007; Wang et al., 2008; Peer et al.,
2010; Alden et al., 2011; Markham et al., 2011; Saucedo-Garcia
et al., 2011b), in combination with the data from previous ﬁnd-
ings with fungal toxins (Abbas et al., 1994, 1995a; Wang et al.,
1996a; Brandwagt et al., 2000) support the notion that both free
LCBs and ceramides, and their respective phosphorylated forms
play a critical role in regulation of plant PCD. These results are
also generally in agreement with the ﬁndings in the animal system
(Obeid et al., 1993; Hannun, 1996; Mullen et al., 2011a).
LCBs AND LCB-Ps: THE FIRST “YIN–YANG” PAIR
A rapid accumulation of endogenous dihydrosphingosine (d18:0),
phytosphingosine (t18:0)within hours afterAALor FB1 treatment
was correlated with PCD development both in plants and animals
(Abbas et al., 1994; Riley et al., 1996; Wang et al., 1996a; Norred
et al., 1997; Schmelz et al., 1998). These observations were consis-
tent with the mode-of-action for the fungal toxin AAL and FB1
as inhibitors of acyl-CoA-dependent CerSs and pointed a criti-
cal role for LCBs as signaling molecules for PCD. Results from
more recent studies using exogenous free LCBs for PCD induction
in whole seedlings or localized leaf sections or suspension cul-
tures generally supported this notion (Shi et al., 2007; Takahashi
et al., 2009; Saucedo-Garcia et al., 2011b), or to cultured plant cells
(Lachaud et al., 2010, 2011; Alden et al., 2011).
FB1 treatment also induces accumulation of phosphorylated
forms of LCBs (LCB-Ps) in Arabidopsis (Shi et al., 2007; Markham
et al., 2011; Saucedo-Garcia et al., 2011b), suggesting a potential
regulatory role for LCB-Ps in modulation of plant PCD. Because
LCB-Ps have been shown to suppress PCD in animal cells (Cuvil-
lier et al., 1996; Spiegel et al., 1998; Spiegel and Milstien, 2003), it
is possible that LCB-Ps may serve a similar function in plants.
Shi et al. (2007) showed that whereas exogenous LCBs could
induce ROS production and PCD on leaves of Arabidopsis seedling
grown on agar medium, the respective LCB-Ps were incapable of
inducing PCD. More importantly, ROS generation and cell death
induced by d18:0 were speciﬁcally blocked by its phosphorylated
form dihydrosphingosine-1-phosphate in a dose-dependent man-
ner, suggesting that the maintenance of homeostasis between a
free sphingoid base and its phosphorylated derivative is criti-
cal to determining the cell fate (Shi et al., 2007). In support of
this notion, affecting the endogenous ratio between LCBs/LCB-Ps
via a genetic mutation in the AtDPL gene (At1g27980) encod-
ing the LCB-P lyase (Tsegaye et al., 2007) was found to cause
PCD in Arabidopsis leaves, and blocking the conversion of LCBs
to LCB-Ps using inhibitors of sphingosine kinase (SphK) pro-
moted PCD induction by LCBs in Arabidopsis cell culture (Alden
et al., 2011). Combined, these observations support the existence
of a dynamic balance of cellular concentrations of LCBs and
LCB-Ps as a rheostat to control cell fate in both plants and ani-
mals (Verheij et al., 1996; Hannun and Obeid, 2008; Alden et al.,
2011).
However, there is some discrepancy with regard to which LCB
species are the primary or more potent bioactive lipid molecules in
PCD induction based on exogenous applications. Shi et al. (2007)
showed that d18:0, t18:0, or d18:1 all could induced PCD in Ara-
bidopsis seedlings grown on agar medium, d18:0 was less potent
than t18:0, consistent with a previous ﬁnding that t18:0 displays
greater phototoxicity than d18:0 (Tanaka et al., 1993). Recently,
however, Saucedo-Garcia et al. (2011b) showed that while d18:0
was a potent inducer of PCD in Arabidopsis seedlings, t18:0 barely
induced PCD. The exact cause of these differences is not clear. It
may be attributable to the differences in plant growth conditions
and ways of LCB application used in these separate studies.
PHYTOSPHINGOSINE (t18:0), THE DEATH SIGNAL FOR HR?
Despite the correlation between accumulation of LCBs and plant
PCD associated expression of SA-dependent defense gene expres-
sion, whether LCB accumulation is an intrinsic early step in the
activation of HR during ETI has not been investigated until
recently. By using a sphingolipidomic proﬁling approach, Peer
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et al. (2010) found that while Arabidopsis leaves accumulate the
t18:0 as early as 1 h after inoculation with either virulent or aviru-
lent strains of P. syringae pv. tomato (Pst ), only leaves inoculated
with the avirulent strain showed a fast and sustained increase
(∼20×) of t18:0 from 1 to 24 h post-inoculation (hpi; Peer et al.,
2010), which corresponds to the manifestation of HR from 8 to
15 hpi (Kiedrowski et al., 1992). It is important to note that there
was no signiﬁcant accumulation of d18:0 in both cases (Peer et al.,
2010). By using mutant sbh1-1 (in which generation of t18:0 from
d18:0 through C-4 hydroxylation is compromised), the authors
also demonstrated that the pathogen-triggered t18:0 increase most
likely resulted from de novo synthesis fromd18:0 (Peer et al., 2010).
Therefore, this study suggested that t18:0 rather thand18:0 is a pos-
itive regulator of HR. However, how pathogen perception triggers
accumulation of t18:0 is not known, and whether accumulation
of t18:0 plays a role in restricting bacterial growth during ETI also
remains to be determined. Intriguingly, Takahashi et al. (2009)
showed that expression of the NbLCB2 gene is induced to higher
levels in leaves of N. benthamiana after inoculation with the non-
host pathogenPseudomonas cichorii. Resistance of N. benthamiana
against P. cichorii was compromised in NbLCB2- and NbLCB1-
silenced plants, and in wild-type plants whose SPT activity was
inhibited by myriocin (Takahashi et al., 2009). These results sug-
gest that de novo biosynthesis of sphingolipids (perhaps transient
accumulation of LCBs such as t18:0) is necessary for the non-host
resistance of N. benthamiana against P. cichorii.
CERAMIDES AND CERAMIDE-1-PHOSPHATES: THE SECOND
“YIN–YANG” PAIR
Ceramides have long been known to induce PCD in both plant and
animals (Obeid et al., 1993; Hannun, 1996; Gilchrist, 1997; Town-
ley et al., 2005). Genetic data from the acd5 and erh1 Arabidopsis
mutants also support the notion that ceramide accumulation trig-
gers PCD in plants (Liang et al., 2003; Wang et al., 2008). Recent
studies in animals suggest that bioactive ceramides constitute a
hub for regulation of multiple cellular processes and particularly
act as triggers of apoptosis and autophagy in various cell lines
(Nikolova-Karakashian and Rozenova, 2010; Bedia et al., 2011;
Hannun and Obeid, 2011).
In contrast, phosphorylated ceramides have been shown to sup-
press plant PCD. For example, ceramide-1-phosphate (Cer-1-P)
was able to partially abrogate the cell death of Arabidopsis pro-
toplasts induced by C-2 ceramide (Liang et al., 2003). Given that
ACD5 encodes an active ceramide kinase, this observation sug-
gests that like in the case of LCBs and LCB-Ps, an appropriate
balance between ceramide and Cer-1-P via the ceramide kinase
and phosphatase activities is crucial for cell and tissue homeosta-
sis. Switching this balance toward accumulation of ceramide may
trigger PCD. This is reminiscent of the ﬁndings in animals that
Cer-1-P and Ceramide are two antagonistic molecules in regula-
tion of cell fate (Gomez-Munoz, 2004, 2006; Hinkovska-Galcheva
and Shayman, 2010). One possible mechanism explaining Cer-
1-P’s suppression of ceramide-induced PCD in animals is that
Cer-1-P inhibits SPT activity, thereby inhibiting accumulation of
ceramide from de novo synthesis (Granado et al., 2009). It will
be interesting to see if Cer-1-P also inhibits SPT and suppress
ceramide accumulation in plant cells.
MANY CERAMIDES, WHICH ARE MORE POTENT IN TRIGGERING PCD?
There are many structural variants of ceramides with differen-
tial cellular functions (Hannun and Obeid, 2011). For example,
ceramide hydroxylation is important for its efﬁcacy in cell death
induction. Townley et al. (2005) reported that ceramides contain-
ing non-hydroxy short fatty acyl chain, but not ceramides with
2-hydroxylation, induced cell death of Arabidopsis suspension cul-
tures (Townley et al., 2005). Recently, Nagano et al. (2009) identi-
ﬁed twoputative 2-hydroxylase (At-FAH ) homologs inArabidopsis
(Nagano et al., 2009). The authors showed that the Arabidopsis
Bax inhibitor-1 (AtBI-1), which functions to attenuate plant PCD
induced by an array of elicitors including FB1 (Watanabe and Lam,
2006,2008), interactswithAtFAHs via cytochromeb5 in plant cells
(Nagano et al., 2009). They further showed that the yeast FAH1
gene (which can be functionally complemented by AtFAHs) is
required for suppression of cell death mediated by overexpression
of AtBl-I in yeast and this suppression is associated with increased
levels of 2-hydroxy FAs. Based on these observations, the authors
proposed that AtBI-1 may work with AtFAHs and cytochrome B5
to accelerate the FA 2-hydroxylation of ceramides, thereby regulat-
ing the levels of non-hydroxylated and 2-hydroxylated ceramides,
which in turn modulate cell death in plants (Nagano et al., 2009).
However, genetic evidence for a relevant role of the AtFAH genes
in Arabidopsis has yet to be provided.
The acyl-CoA chain length in ceramides has also important
functional implications for ceramides. Recent work on three Ara-
bidopsis acyl-CoA CerSs showed that LOH1 and LOH3 prefer
VLCFA substrates while LOH2 prefers short chain (C16) FAs
(Markham et al., 2011; Ternes et al., 2011). Accumulation of free
LCBs (d18:0 and t18:0) and/or ceramide species with C(16) FA in
loh1 mutant was thought to be the trigger of PCD (Ternes et al.,
2011). Given the VLCFA preference for LOH1, it seems also pos-
sible that reduction of VLCFA-ceramides and/or accumulation of
the VLCFA substrates may also contribute to PCD in loh1 mutant.
As VLCFA-ceramides are selectively engaged in vesicle trafﬁcking
(Roudier et al., 2010; Markham et al., 2011) and lipid raft for-
mation (Ohno et al., 2010; also see later text), it is conceivable
that depletion of VLCFA-ceramides may cause serious defect in
membrane organization, resulting in cell death.
Given that LCBs and ceramides are metabolically connected,
these lipid molecules and their phosphorylated form may work
together to control PCD. For example, Cuvillier et al. (1996)
showed that S1P can suppress ceramide-induced PCD in mam-
malian cells. We envision this cross regulation may also occur in
plants.
It is important to point out that the physiological concentra-
tions of some bioactive sphingolipids (the free LCBs in particular)
may be extremely low and therefore a very small increase, even
below the technical detection limits, could trigger signaling via
actions on their cognate protein targets. As a corollary to this, it is
also possible that large, measurable increases in other LCBs may
just be ametabolic reﬂect of the imbalance created by the rise of the
original messenger LCB. Thus, cautions must be exercised when
analyzing a cause–effect relationship from simple correlations
between phenotypes and levels of major sphingolipids.
Finally, in addition to LCBs and ceramides, the more complex
sphingolipids (GIPCs and GlcCERs) might also serve signaling
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roles in plant PCD. However because they are major structural
components of plant cell membranes and have at least 10× higher
levels than free LCBs and ceramides in plant cells (Markham et al.,
2006; Markham and Jaworski, 2007), it is more difﬁcult to assess
the contribution of these complex ceramides in plant PCD due to
the difﬁculty in detecting subtle spatiotemporal changes of these
compounds that may provide signals for PCD.
POTENTIAL CONNECTIONS WITH OTHER SIGNALING PATHWAYS FOR
PLANT PCD AND DEFENSE
VLCFAs are also required for the biosynthesis of the plant cuticle
that is critical for plant defense as a physical barrier and a signal-
ing platform (Xia et al., 2009, 2010). It has also been reported that
perturbation of VLCFA synthesis and metabolism in the leaf epi-
dermis of Arabidopsis causes PCD of trichome cells (Reina-Pinto
et al., 2009). Thus the VLCFA pathway may impact plant PCD
and defense via both the sphingolipid metabolism and the synthe-
sis of plant cuticle. Raffaele et al. (2008) recently found that four
genes encoding enzymes forming the acyl-CoA elongase complex
required for synthesis of VLCFAs appear to be putative targets of
Myb30 (Raffaele et al., 2008), a transcription factor acting as a pos-
itive regulator of SA-dependent HR and resistance (Vailleau et al.,
2002; Raffaele et al., 2006), thus linking theVLCFA synthesis path-
way with HR and plant defense. The authors proposed that Myb30
modulates HR via VLCFAs by themselves, or VLCFA derivatives,
as cell death messengers in plants (Raffaele et al., 2008). Given that
VLCFAs are substrates for synthesis of ceramides by LOH1 and
LOH3,HR-like cell death in the loh1 knockout plants (Ternes et al.,
2011) may partially result from accumulation of VLCFAs. A con-
nection betweenVLCFAs andplant defense is further supported by
a recent study inwhichCanonne et al. (2011) found that a bacterial
effector protein XopD speciﬁcally targets Myb30, resulting in inhi-
bition of the transcriptional activation of MYB30, VLCFA-related
target genes and suppression of Arabidopsis defense. This ﬁnd-
ing, together with the earlier work from the same group, suggests
that bacterial pathogens target and suppress host VLCFA biosyn-
thesis and consequently impact VLCFA-ceramide levels in plants,
thereby suppressing host defense. Direct targeting of sphingolipid
metabolism by any pathogen effector protein for suppression of
HR and/or defense, though expected, has not been reported.
Phosphatidylinositol as substrate for synthesis of more complex
phosphoinositides and IPCs provide the metabolic connection
between the two pathways. Consistently, mutant plants lacking
myo-inositol 1-phosphate synthase 1 (MIPS1) exhibited PCD and
enhanced basal resistance to pathogens, which was accompanied
by elevated ceramides and hydroxyceramides (Meng et al., 2009;
Donahue et al., 2010). This phenotype may be due to a reduction
of IPCS activity as a result of a shortage of phosphatidylinositol
as substrate for IPCSs, thus mimicking erh1 (atipcs2)-conditioned
PCD (Wang et al., 2008). In addition, mips1 and higher order
mutants with genetic depletion in two or more of the MIPS genes
also show defects in membrane trafﬁcking (Chen and Xiong, 2010;
Luo et al., 2011). Moreover, phosphoinositides are also known to
participate in transport of sphingolipids, apart from their direct
metabolic connections with sphingolipids (e.g., sharing phos-
phoinositol source; Breslow and Weissman, 2010). One notable
example is that the mammalian ceramide transport proteins
CERT and FAPP2 require direct binding to phosphatidylinositol-
4-phosphate (PI4P) for their function in ceramide transport
(Hanada et al., 2003; D’Angelo et al., 2007). Because loss of ACD11
(a sphingolipid transporter) triggers PCDanddefense gene expres-
sion in plants (Brodersen et al., 2002), it might be possible that a
defect in PI4P biosynthesis may impact ceramide transport, lead-
ing to PCD. Another example is that phosphatidic acid (PA) binds
to SphKs inArabidopsis and stimulates their activities in phospho-
rylating (phyto)sphingosine to generate (phyto-)S1P (Guo et al.,
2011). Since S1P is known to regulate ABA-dependent stomatal
apertures via the heterotrimeric G-protein alpha-subunit GPA1
(Coursol et al., 2003, 2005) and suppress plant PCD (which is
often SA-dependent) induced by accumulation of phytosphingo-
sine (Shi et al., 2007; Alden et al., 2011), the PA–SphK interaction
may constitute one of the regulatory mechanisms underlying the
complex interplay between the ABA pathway and the SA pathway
(Adie et al., 2007; Yasuda et al., 2008; Grant and Jones, 2009).
Nitric oxide (NO) and ROS are implicated in plant immunity
(Asai et al., 2010). Whereas ROS production was shown in many
cases to precede SPI-PCD (Townley et al., 2005; Shi et al., 2007;
Saucedo-Garcia et al., 2011a), the connection between NO gener-
ation and SPI-PCD is rarely investigated. Wang et al. (2007) found
that generation of NO is required for elicitation of plant defense
response in Taxus yunnanensis cell culture by cerebroside, a gly-
cosphingolipid derived from a fungus. Inhibition of NO synthase
activity partially blocked the cerebroside-induced H2O2 produc-
tion and cell death, suggesting an essential signaling role for NO in
SPI-PCD (Wang et al., 2007). More recently, Cantrel et al. (2011)
showed that NO negatively regulates the formation of Phyto-S1P
andCer-1-P, twophosphorylated sphingolipids that are transiently
synthesized upon chilling. Because Phyto-S1P and Cer-1-P coun-
teract with t18:0 LCBs and ceramides in PCD induction in plants
(Liang et al., 2003; Shi et al., 2007), it remains interesting to deter-
mine if NO production generally occurs in SPI-PCD and whether
NO regulates HR via this mechanism.
MPK6, THE FIRST CHARACTERIZED PROTEIN TARGET OF BIOACTIVE
SPHINGOLIPIDS FOR PLANT PCD AND DEFENSE
Since the identiﬁcation of protein kinase C as the ﬁrst target of
sphingosine in mammalian cells (Hannun et al., 1986), bioactive
sphingolipids have been shown to target many proteins and reg-
ulate their cellular functions in yeast and animals (reviewed by
Hannun and Obeid, 2008). Genetically, SPI-PCD has been shown
to engage several essential components of immunity such as EDS1,
PAD4, and SA (Asai et al., 2000; Greenberg et al., 2000; Brodersen
et al., 2002; Wang et al., 2008). However, despite the strong genetic
connection, no direct protein target of bioactive sphingolipids for
SPI-PCD and defense has been characterized in plants. A recent
report by Saucedo-Garcia et al. (2011b) may represent a break-
through. In this study, the authors identiﬁed mitogen-activated
protein kinase 6 (MPK6) to be a potential direct protein target
downstream of LCBs in the signal transduction leading to cell
death. Their conclusionwas supported by several lines of evidence:
(i)MPK6 as a kinase is rapidly (∼15min) activated by exogenously
added FB1 and d18:0 or t18:0; (ii) the mpk6 Arabidopsis mutant
has signiﬁcantly reduced sensitivity to FB1-induced PCD despite
accumulation of endogenous LCBs or PCD induced by application
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of the exogenous d18:0 (which suggests MPK6 is downstream of
LCBs); and (iii) mpk6 mutant seedlings seemed to be partially
compromised in ETI (showing more bacterial growth than wild-
type and Lcb2a). Earlier published work showed that (i) MPK6
is a known component of the MAP kinase signaling module of
PTI (e.g., ﬂagellin-triggered immunity; Asai et al., 2002; Pitzschke
et al., 2009), (ii) MPK6 also contributes to ETI and SA-dependent
basal resistance (Zhang et al., 2000; Desikan et al., 2001; Menke
et al., 2004), (iii) MPK6 is targeted and inhibited by HopA1, an
effector protein of P. syringae (Zhang et al., 2007), and (iv) t18:0 is
rapidly accumulated before the onset of HR and ETI (Peer et al.,
2010). Thus, MPK6 appears to be a molecular hub that may inte-
grate signals from PTI and ETI and is, not surprisingly, targeted
by pathogens for enhancing virulence. However, how ETI may be
connected to PTI via MPK6 is not understood. In this context,
the new ﬁnding by Saucedo-Garcia et al. (2011b), seems to sug-
gest that plants develop ETI in part through reinforcing PTI, and
activation of MPK6 by bioactive free LCBs de novo synthesized in
infected tissues during early signaling of ETI may act as a “bridge”
connecting the ETI and PTI pathways. It is interesting to note
that OsMAPK6, the rice ortholog of MPK6 is also activated dur-
ing immune response induced by pathogen-speciﬁc sphingolipids
which presumably function as PAMPs (Umemura et al., 2000; see
next section for details), and FB1 also increases MPK activity in
animal cells (Wattenberg et al., 1996; Pinelli et al., 1999).
Whether LCBs activate MPK6 directly via binding to MPK6
or indirectly via activation of a kinase(s) upstream of MPK6
remains to be determined. Also, because the mpk6 mutant is com-
promised in R-gene resistance, but lcb2a is not (Saucedo-Garcia
et al., 2011b), MPK6 seemed to be (partially) functional in lcb2a
plants. This implies that there may be sufﬁcient LCBs in the lcb2a
mutant (resulting from ceramide catabolism, for example) that
allows (partial) activation of MPK6 or MPK6 may be activatable
by other molecules during infection. It will be interesting to test
if Lcb2a and mpk6 single (or myriocin-treated wild-type) and
lcb2a/mpk6 double mutant plants are compromised in HR and
resistance to further establish the link between LCB accumulation,
MPK6 activation and HR.
REGULATION OF BIOACTIVE SPHINGOLIPIDS DURING DEFENSE: WHEN
AND WHERE TO DIE?
It is conceivable that as potential endogenous danger signals for
PCD in connection with defense gene expression, levels of LCBs
and ceramides must be tightly regulated in plant cells. Unfor-
tunately, except for one report showing a rapid and transient
elevation of t18:0 that correlates with ETI (Peer et al., 2010), there
is no other study on spatiotemporal dynamics of these bioactive
sphingolipids in cells/tissues developing HR, and how it may be
regulated. One possible regulatory mechanism involves manipu-
lation of key metabolic enzymes listed in Table 2 at the transcrip-
tional and/or (post)-translational levels to produce a rapid local
change in levels of relevant bioactive sphingolipid, thereby allow-
ing controlled PCD. Several genes (LCB1, LCB2,ACD5,ERH1, etc)
encoding enzymes in the sphingolipid metabolic pathway have
been shown tobe inducedbypathogen infection (Liang et al., 2003;
Wang et al., 2008; Gan et al., 2009; Takahashi et al., 2009), support-
ing this speculation. Further, there is likely tissue/organ-speciﬁc
regulation of the abundance of the bioactive sphingolipids, owing
to the spatiotemporal distribution of relevant metabolic enzymes
and their regulators. For example, different ceramidases degrade
ceramides by hydrolyzing the N -acyl linkage between the LCB and
FA moieties, thereby regulating the dynamic balance of ceramides,
LCBs and their phosphate derivatives in a tissue/cell-speciﬁc man-
ner in animals (Spiegel and Milstien, 2003; Hannun and Obeid,
2008; Mao and Obeid, 2008). Although little is known about plant
ceramidases in general (Pata et al., 2008; Yu et al., 2011), distinct
isoforms differing in their subcellular localization and substrate
speciﬁcities should exist in plant cells (Pata et al., 2010). Orm pro-
teins as key regulators of sphingolipid homeostasis in yeast and
animals (Breslow et al., 2010; Han et al., 2010) probably func-
tion similarly in plants to exert feedback regulation. In this regard,
it will be interesting to test if the two Orm-like genes in Ara-
bidopsis (AT1G01230 and AT5G42000) are subject to regulation
by pathogen signals.
SPHINGOLIPIDS AS POTENTIAL PAMPS FOR TRIGGERING
PLANT IMMUNITY?
As described above, bioactive sphingolipids act as danger signals
to activate PCD with defense gene expression in plants. Inter-
estingly, pathogen-speciﬁc sphingolipids have also been found to
elicit immune responses in rice. It was reported that cerebrosides
A, and C (categorized as glycosphingolipids) from Magnaporthe
oryzae induce HR and defense in rice plants (Koga et al., 1998;
Umemura et al., 2000). Treatment of rice leaves with cerebro-
side A induced the accumulation of antimicrobial compounds
(phytoalexins), PCD, and increased resistance to subsequent infec-
tion by compatible pathogens. While the degradation products
of cerebroside A showed no elicitor activity (Koga et al., 1998),
ceramides prepared from the cerebrosides by removal of glu-
cose also showed the elicitor activity (Umemura et al., 2000).
It was further found that the methyl group at C-9 and the 4E-
double bond in the sphingoid base moiety of cerebroside A and
C are the key elements determining the elicitor activity of these
compounds (Koga et al., 1998). Umemura et al. (2004) also
detected similar cerebroside A, B, and C in several soil-borne phy-
topathogens, such as Fusarium, Pythium, and Botrytis and found
that these sphingolipids act as non-race-speciﬁc elicitors of defense
in many different plant species (Umemura et al., 2004). How these
pathogenderived cerebrosides inducedefense response is currently
unknown. There are two possible mechanisms. First, these cere-
brosides or their ceramide metabolites may interfere sphingolipid
metabolism of host plants, causing SPI-PCD just as exogenous free
ceramides or LCBs. The other possibility is that these pathogen-
speciﬁc lipids are recognized by host plants as PAMPs by immune
receptor protein(s) at the plasma membrane, thereby inducing
immune response. Arguing for the second mechanism, Kurusu
et al. (2011) recently showed that pathogen-speciﬁc sphingolipids
induced Ca2+ signaling,MAPK activation and ROS production in
cultured rice cells in a similar manner as oligosaccharide PAMPs
(Kurusu et al., 2011). However, since both a rapid increase of
Ca2+ concentration and production of ROS were also thought
to be involved in early signaling for plant PCD induced by free
LCBs or ceramides (Shi et al., 2007; Xiong et al., 2008; Lachaud
et al., 2010; Saucedo-Garcia et al., 2011a), deﬁnitive evidence (i.e.,
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identiﬁcation of the receptor for fungal sphingolipid elicitors) for
the second mechanism has yet to be provided.
It is interesting to note that the rice ortholog of AtMKP6,
OsMAPK6, has been shown to be post-translationally activated
in a rice cell culture by cerebroside A (Lieberherr et al., 2005). Fur-
ther, the expression of OsMAPK6 is required for defense activation
in rice (Lieberherr et al., 2005), suggesting that MPK6-speciﬁed
MAPK cascade is a conserved signaling module in sphingolipid-
triggered defense in both dicots and monocots. More interestingly,
genetic analyses showed that the heterotrimeric G-protein alpha-
subunit is required for activation of a rice Rop GTPase (OsRac1;
Suharsono et al., 2002), which in turn acts upstream of OsMAPK6
for defense activation by the sphingolipid elicitor (Lieberherr
et al., 2005). Given that S1P-mediated ABA signaling in Arabidop-
sis requires the heterotrimeric G-protein alpha-subunit (Coursol
et al., 2003), it seems possible that some fungus-speciﬁc sphin-
golipids or plant endogenous LCBs may target the heterotrimeric
G-protein for eliciting MAPK-dependent signaling leading to
defense, whereas phosphorylated LCB (S1P) may target the same
G-protein to elicit ABA signaling leading to stomatal closure. Thus
the complex crosstalk between SA-signaling and ABA-signaling
may result from the interplay between LCBs and phosphory-
lated LCBs via the G-protein as an early step of the two signaling
pathways.
SPHINGOLIPIDS AND LIPID RAFTS IN PLANT IMMUNITY
One distinct feature of ceramides andmore complex sphingolipids
as structural components of cell membranes is that they induce an
increase in molecular ordering in phospholipid bilayers, which
ultimately leads to lateral phase separation and formation of
sphingolipid-enriched domains (Stancevic and Kolesnick, 2010).
These microdomains or lipid rafts refer to dynamic nanoscale
assemblies (10–200 nm) in cell membranes that are enriched
for sphingolipids, sterol, and glycosylphosphatidylinositol (GPI)-
anchored proteins (Parton and Hancock, 2004; Lingwood and
Simons, 2010). The lipid rafts provide a platform for sorting
proteins to the cell surface,organize (compartmentalize) function-
ally relevant proteins such as receptors and signaling molecules
at the cell membrane to facilitate detection of external stimuli,
initiation, and ampliﬁcation of signaling processes (Lingwood
and Simons, 2010; Stancevic and Kolesnick, 2010; Vieira et al.,
2010). Recent advanced imaging and biochemical analyses have
further demonstrated the existence of lipid rafts in eukaryotic
cell membranes (van Zanten et al., 2009, 2010; Morris et al.,
2011).
Studies in the animal ﬁeld have demonstrated that immune
receptors and components of their signaling cascades are spa-
tially organized and that sphingolipids function as key orga-
nizing elements in the formation of lipid rafts (reviewed by
Dykstra et al., 2003; Lingwood and Simons, 2010; Fessler and
Parks, 2011). For example, lactosylceramide (LacCer)-enriched
microdomains may form supramolecular complexes with other
immune receptors on the plasma membrane for phagocytosis
of non-opsonized microorganisms, including bacteria and yeast,
and consequently implicated in induction of defense response
including ROS production and phagocytosis (Yoshizaki et al.,
2008).
Although there are only a few relevant studies in plants,
increasing evidence suggest that microdomains also exist in the
plant plasma membrane. Recent quantitative proteomic analy-
ses showed that proteins especially GPI-anchored proteins are
over-represented in the sphingolipid-sterol enriched, detergent-
resistant membrane (DRM) prepared from Arabidopsis cells
(Borner et al., 2005; Kierszniowska et al., 2009; Carmona-Salazar
et al., 2011). Proteins with signaling functions, such as receptor
kinases (such the PAMP receptor FLS2), G-proteins, and cal-
cium signaling proteins, were identiﬁed as variable members in
plant lipid rafts (Kierszniowska et al., 2009). Following PAMP
(ﬂg22) treatment, there were rapid and profound changes in DRM
protein composition, prominently affecting proton ATPases and
receptor-like kinases, including FLS2 (Keinath et al., 2010). These
observations, coupledwith theﬁnding that there is dynamic degra-
dation of FLS2 via endocytosis upon PAMP perception (Robatzek
et al., 2006) suggest that FLS2 and likely other PAMP receptors
functions in plasma membrane microdomains.
The focal accumulation of the barley ROR2 syntaxin and the
MLO protein to the penetration site of the barley epidermal cells
following attack from Blumeria graminis f. sp. hordei (the fun-
gus causing powdery mildew in barley) also suggest that these
proteins are recruited to a pathogen-triggered plasma membrane
microdomains (Bhat et al., 2005). In uninfected barley epider-
mal cells, MLO-YFP and YFP-ROR2 are both found at the plasma
membrane, at 10–14 hpi, these ﬂuorescently tagged proteins inde-
pendently accumulate beneath attempted fungal penetration sites.
Similar focal accumulation was also seen for PEN3, an ABC trans-
porter required for penetration resistance against non-adapted
fungal pathogens (Stein et al., 2006). Given that the ROR2/PEN1
syntaxin is also required for penetration resistance (Collins et al.,
2003; Kwon et al., 2008), the formation of plasma membrane
microdomains may reﬂect the host defense response that is effec-
tive in halting non-adapted pathogens but overcome by well-
adapted aggressive pathogens. Alternatively, this pattern of focal
accumulation might be part of a process leading to the establish-
ment of a functional domain enabling pathogens’ avoidance from
the host’s immune response and allowing host cell invasion (Bhat
et al., 2005).
Plant intercellular bacterial pathogens may also target host
plasmamembranemicrodomains for delivery of their effector pro-
teins via endocytosis. Racape et al. (2005) showed that the effector
protein PopA from R. solanacearum had a high afﬁnity for sterols
and sphingolipids in vitro and that it required Ca2+ for both lipid
binding and oligomerization, suggesting that PopA is part of a
system that aims to attach the host cell plasma membrane and to
allowmolecules cross this barrier (Racape et al., 2005). In addition,
a recent study showed that remorins (a groupof plant-speciﬁc pro-
teins implicated in antiviral defense and plant–rhizobium symbio-
sis) may be localized to plasma membrane microdomains whereby
they may serve as scaffold proteins in the lipid rafts during early
signaling events (Jarsch and Ott, 2011).
SPHINGOLIPIDS AND POLARIZED TRAFFICKING IN PLANT
IMMUNITY
The concept of microdomain/lipid raft encompasses two
mechanistically related cell biological events: polarized/targeted
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membrane/protein trafﬁcking and subcompartmentalization of
cellular processes in cell membranes. Like in animals, immune
responses in plants also exhibits obvious polarity. One of the ﬁrst
subcellular responses of plants upon detection of plant pathogens
in the cell surface is the reorganization and polarization of the
cytoskeleton to the site of attack (Schmelzer, 2002; Hardham
et al., 2007), which likely prepares plant cells for directional trans-
port of antimicrobial chemicals to the infection site. The ﬁnding
that NPR1, a central regulatory protein downstream of SA, also
controls the expression of the protein secretory pathway genes
(Wang et al., 2005) is consistent with this notion. The existence
of targeted defense at the subcellular level is more evident in
the case of fungal invasions. A rapid deposition of callose (β-
1,3-glucan) to the fungal penetration site, which leads to the
formationof apapilla (i.e., local cellwall-apposition)has longbeen
observed during plant–fungal interactions (Aist, 1976; Israel et al.,
1980; Nishimura et al., 2003). Recent identiﬁcation of membrane
trafﬁcking components including the SYP121–SNARE complex
(Collins et al., 2003; Assaad et al., 2004; Kwon et al., 2008) and
a small GTPase (ARFA1b/1c; Bohlenius et al., 2010) involved in
deposition of callose to papillae demonstrated that there is exten-
sive polarized trafﬁcking in the invaded cell for deposition of
callose and other antimicrobial chemicals to the site of infection.
Speciﬁc targeting of the Arabidopsis powdery mildew resistance
protein RPW8.2 to the extrahaustorial membrane (EHM) – the
host–pathogen interface, represents an exquisite targeted mem-
brane/protein trafﬁcking mechanism evolved in plants for defense
against numerous haustorium-forming pathogens including pow-
dery mildew and rust fungi and fungus-like oomycetes (Wang
et al., 2009). It can be expected that more host proteins are
speciﬁcally or preferentially targeted to the EHM during the
plant–haustorium interaction. Thus, the ﬁnding that RPW8.2 is
speciﬁcally targeted to the EHM has the following two general
implications.
First, plants must have evolved an EHM-targeted mem-
brane/protein trafﬁcking pathway for delivering EHM-resident
proteins like RPW8.2 to the EHM. Central to this trafﬁcking
mechanism is probably the formation and sorting of the spe-
cial vesicles carrying the target protein as cargo at the Golgi
apparatus. Studies in yeast and animals indicate that ceramides
are synthesized at the ER and then transferred and converted to
more complex ceramides in the Golgi apparatus where they are
processed further and sorted for transport to their ﬁnal destina-
tions (Hanada et al., 2003; Klemm et al., 2009). It is thought that
the asymmetric distribution of sphingolipids themselves in vari-
ous membrane subcompartments may be inherently coupled with
the polarity of membrane/protein trafﬁcking (Futerman, 2007).
Whether ceramide and more complex sphingolipids are involved
in RPW8.2 vesicle formation, sorting and trafﬁcking to the EHM
has not been determined. A recent elegant study by Markham
et al. (2011) provided insight into the role of sphingolipids in
polarized protein trafﬁcking. The authors showed that reduction
of VLCFA-ceramide levels by FB1 treatment or genetic deple-
tion of LOH1/LOH3 caused selective aggregation of the plasma
membrane auxin carriers AUX1 and PIN1 in the cytosol, which
correlated with auxin-dependent inhibition of lateral root emer-
gence (Markham et al., 2011). An additional study by Aubert et al.
(2011) detailing the effects of FB1 on the cell morphodynamics
and changes in the polar localization of PIN1 in tobacco BY-2
cells highlights the importance of sphingolipids in cell growth
and establishment of cell polarity in higher plant cells (Aubert
et al., 2011). These ﬁndings, together with earlier studies that
VLCFA synthesis is involved in membrane trafﬁcking (particu-
larly polar auxin transport) and developmental patterning (Zheng
et al., 2005; Roudier et al., 2010), strongly suggest that VLCFA-
sphingolipids deﬁne a trafﬁcking pathway(s) engaged for polarized
trafﬁcking of the auxin transport protein cargoes (Markham et al.,
2011). Thus it will be interesting to see if VLCFA-sphingolipids are
also required for targeting RPW8.2 to the EHM. Notably, loss of
IPCS2 (in erh1) induced extensive HR-like cell death in plants
expressing RPW8.2 (Wang et al., 2008). It is possible that the
HR-like cell death is caused by less efﬁcient transport of RPW8.2
from the Golgi network to the EHM due to reduction of certain
(G)IPCs species in the Golgi apparatus, resulting in accumula-
tion of defense-competent RPW8.2 in protein aggregates, which
in turn triggers SA-dependent HR-like cell death. Co-localization
of IPCS2 and RPW8.2 (Wang et al., 2008) at the trans-Golgi net-
work (TGN) further suggests that (G)IPCs synthesized by IPCS2
at the Golgi may be recruited to the RPW8.2 vesicles at TGN,
similarly to the situation where SM is synthesized in the Golgi
complex and sorted from the TGN into vesicular carriers for trans-
port to the plasma membrane in animal cells (Shevchenko and
Simons, 2010). Although we did not see obvious reduction of
RPW8.2-YFP’s localization to the EHM in erh1 plants compared
to the wild-type (thus implying functional redundancy among
the three IPCSs), we observed a signiﬁcant reduction in EHM-
localization for RPW8.2-YFP after FB1 treatment (Zhang and
Xiao, unpublished data). Because the Arabidopsis ipcs1/2 double
mutant is lethal, which suggests an essential function of (G)IPCS
in plant growth and development (Xiao, unpublished data), deﬁn-
itive characterization of a potential role of (G)IPCs in RPW8.2’s
targeting to the EHM requires inducible and/or spatiotemporal
depletion of IPCSs.
The second implication from speciﬁc localization of RPW8.2 is
that the membrane and protein composition of the EHM must be
signiﬁcantly different from the plasma membrane. Indeed, none
of the eight plasma membrane proteins examined in Arabidopsis
cells containing the fungal haustorium was found at the EHM
(Koh et al., 2005). One possibility is that the EHM may con-
tain a different set of selected species of sphingolipids, which is
required for the formation of microdomains for accommodating
defense proteins such as RPW8.2 for onsite activation of defenses
including ROS production (Wang et al., 2009). Our observation
that initial EHM-targeted RPW8.2-YFP is found in punctate spots
at the EHM supports this possibility (Figure 3). In this regard,
it is interesting to note that a tobacco NADPH oxidase sub-
unit NtrbohD has been shown to present in the DRM fraction
enriched for lipid rafts (Lherminier et al., 2009), suggesting that
the NADPH oxidase protein complex may localize to membrane
microdomains. Equally possible is that pathogens (haustoria) may
modify and exploit the special features of the EHM to send
their effector proteins across the interface. Recent exciting ﬁnd-
ings from the Tyler group showed that RxLR-containing effectors
from oomycete pathogens bind phosphatidylinositol 3-phosphate
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FIGURE 3 | RPW8.2 may be targeted to and function at microdomains
of the extrahaustorial membrane (EHM) inArabidopsis. A confocal
image from a Z-stack projection showing that RPW8.2:YFP (green) is
initially found in discrete punctate spots in the EHM at ∼18h after
inoculation with powdery mildew before forming a relatively more
homogenous distribution in the next 4–6 h (Wang et al., 2009). The fungal
structure and the host plasma membrane are stained red by propidium
iodide. H, haustorium; A, appressorium.
(PI3P) for host entry (Kale et al., 2010). Because phosphoinosi-
tides are known to be present in lipid rafts as signaling molecules
(Allen et al., 2007; Vieira et al., 2010), it can be hypothesized that
PI3P is enriched in the extracellular leaﬂet of the EHM, possibly
in microdomains, and binding of PI3P anchors RxLR-effectors to
the EHM and the effectors then enter the host cell via endocy-
tosis. In animals, various types of intracellular pathogens exploit
the sphingolipids and/or other components in the host cell mem-
brane microdomains for host cell entry and establishment of a
protected niche within the host (Hartlova et al., 2010; van Der
Meer-Janssen et al., 2010). Thus it seems likely that sphingolipids-
enriched lipid rafts may provide nanoscale microdomains in the
plant–pathogen interfacial membrane for host defense as well as
effector entry. Because polarized/targeted trafﬁcking also occur at
the interfacial membrane between legume–rhizobium and plant–
mycorrhiza during their symbiotic interactions (Pumplin and
Harrison, 2009; Wang et al., 2010), similar situations may occur in
these interfaces.
CONCLUSION AND FUTURE PERSPECTIVE
Putting all discussed together, we propose in Figure 4 three major
potentialmechanistic connections between sphingolipid andplant
PCD and defense: (i) bioactive LCBs and ceramides function
as signaling molecules in the activation of defense-related PCD;
(ii) sphingolipids as organizing/signaling elements regulate polar-
ized/targeted membrane trafﬁcking involved in defense; and (iii)
sphingolipids provide structural support for the formation of
membranemicrodomainswhere immunity proteinsmay assemble
and function.
It is necessary to point out that despite the extensive genetic
and biochemical evidence for the “death” connection, whether
SPI-PCD is a more mechanistic equivalent of HR requires fur-
ther investigation. In addition, while it is clear that SPI-PCD
is exploited by necrotrophic fungal pathogens for pathogene-
sis, given that SPI-PCD (and HR) can be separable from resis-
tance, whether SPI-PCD (and HR) plays a role in resistance
to (hemi)biotrophic pathogens also remains to be determined.
If HR is simply an unavoidable consequence of the escalated
inter-organismal warfare in which antimicrobial chemicals reach
a level that is lethal to both the enemy and self (Wang et al.,
2008; Coll et al., 2011), then SPI-PCD may partly reﬂect the
biochemical/biophysical nature of HR – that is, the perturba-
tion or dysfunction of sphingolipid metabolism. On the other
hand, research on immunity-related membrane trafﬁcking and
subcompartmentalization is currently at its early stage. Deﬁni-
tive genetic, biochemical, and cell biological evidence is awaited to
establish the roles of sphingolipids in these processes. Thus,despite
the prominent “death” connection, how sphingolipids and sphin-
golipid metabolism are involved in plant defense remains largely
obscure.
Future work should be focused on the following questions
to gain a better understanding of the physiological functions of
sphingolipids in plant innate immunity. Is accumulation of bioac-
tive sphingolipids the bona ﬁde death signal for HR in ETI? If so,
how does plant–pathogen recognition lead to accumulation of the
bioactive sphingolipids andhow is this step connected to SA signal-
ing? Besides MPK6 as a potential direct protein target, what other
proteins are directly regulated by the bioactive sphingolipids for
activation of cell death? Do sphingolipids play a role in regulating
defense protein secretion and targeting during plant defense? If so,
what are the key sphingolipid species involved? If there truly exist
defense-relatedmicrodomains in the plasmamembrane and host–
pathogen interfacial membranes such as the EHM, how do they
formandwhat are themajor sphingolipid andprotein components
of the microdomains? Apparently, a combinatory genetic, bio-
chemical, and cell biological approach needs to be taken to address
these challenging questions. For example, more targeted genetic
screens are needed to identify additional components regulating
both SPI-PCD and HR, and more powerful analytical technologies
such as infrared spectrometry, high-performance liquid chro-
matography, and mass spectrometry are needed to systemically
investigate the changes of the sphingolipidomeduringPTI andETI
in wild-type and various immune-compromised mutant plants.
Finally, non-invasive cell biological tools are needed to determine
the spatiotemporal dynamics of key sphingolipids in transport
vesicles as well as in the plasma membrane during plant–pathogen
interaction. In this regard, Kraut and colleagues recently made a
ﬂuorescent sphingolipid binding domain (SBD) peptide probe to
track intracellular movements of sphingolipids in living neuronal
cells. They demonstrated that ﬂuorescently tagged SBD can be
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FIGURE 4 | A cartoon summarizing the major connections between
sphingolipids and plant immunity. (i) PAMP-triggered immunity (PTI)
involves a MAPK signaling module; MPK6 as a component of PTI is targeted
by a pathogen effector HopA1 presumably for suppressing PTI. (ii)
Effector-triggered immunity may involve accumulation of sphingoid
long-chain bases (LCBs; t18:0 in particular) from de novo synthesis as an
early signaling step upstream of SA. (iii) MPK6 is a potential direct protein
target of LCBs; Upon activation by LCBs, MPK6 functions to promote
SA-dependent HR and defense against (hemi)-biotrophic pathogens, thereby
bridging up ETI and PTI. (iv) Some necrotrophic pathogens secrete toxin
AAL or FB1 to inhibit (VLCFA-)ceramide synthesis and cause accumulation
of LCBs, which in turn may activate MPK6, resulting in plant PCD for the
beneﬁt of the pathogens. (v) Ceramides are synthesized at the ER, and
transferred to the Golgi apparatus where they are converted to
inositol-phosphorylceramides (IPCs), and/or more complex
glycosphingolipids. Ceramide accumulation due to acd5 and erh1 mutations
results in SA-dependent PCD, suggesting ceramides are essential signaling
molecules for PCD. (vi) Glycosphingolipids (especially those containing
VLCFAs) are sorted at the trans-Golgi into transport vesicles carrying
relevant immune protein cargos (the FLS2 PAMP receptor and the RPW8
resistance protein as examples) to regulate speciﬁc targeting of cargos to
speciﬁc cell membranes (the plasma membrane and the extrahaustorial
membrane, respectively, in these two cases). (vi) Glycosphingolipids
increase the molecular ordering of the cell membrane, forming
microdomains (lipid rafts) that constitute lateral functional clusters in the cell
membrane where plant immunity proteins may reside and function.
used to investigate the dynamic nature of glycosphingolipid-rich,
detergent-resistant microdomains (Hebbar et al., 2008; Steinert
et al., 2008). Development and application of such SBD biosen-
sors in plants will be very useful for examining the dynamic
spatiotemporal distribution of sphingolipids in cell membranes
and investigating how sphingolipids participate in membrane bio-
genesis,microdomain formation, and polarized protein trafﬁcking
in relation to plant defense.
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